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ABSTRACT 
 
Elastic follow-up is a mechanical boundary condition lying between constant load and constant 
strain control. It exists in many engineering components operating at high temperature and can 
result in dramatically different creep stress relaxation and strain accumulation rates in a localized 
region of a component. We have performed creep tests under constant load, constant strain and 
elastic follow-up control on an aged (additional 22,000 hours) 316H austenitic stainless steel 
after service in a nuclear power station for 65,000 hours. Primary and secondary forward creep 
models with parameters derived from the constant-load data were able to describe constant-load 
creep adequately, but not able to predict stress relaxation and elastic follow-up. We show that 
this is because ageing has increased the constant-load creep strain rate significantly but has no 
effect on stress relaxation creep strain rate. Ageing promotes the formation of ferrite/chi phase at 
grain boundaries which are preferential sites for creep cavitation under load control. However,  
creep cavitation is less likely under constant strain and elastic follow-up control because a high 
creep strain rate, large creep strain and stress cannot coexist under these boundary conditions. 
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1. INTRODUCTION 
 
The concept of elastic follow-up was initially introduced by Robinson [1] to describe how the 
creep stress relaxation rate in a bolt was affected by the relative amount of initial elastic 
deformation in the bolt and bolted flange respectively. This mechanism can be described by a 
two bar structure which is a specimen linked to a spring in series (Fig. 1a, state 1). The creep 
specimen acts in the same way as a bolt, and the spring acts the bolted flange. When the whole 
structure subjected to a fixed displacement (
0 ) a locked-in stress is generated in the specimen 
and spring, as shown in Fig. 1a state 2. As the stress in the specimen relaxes, due to creep (Fig. 
1a state 3), the spring also relaxes. This results in additional displacement and a reduction of the 
stress relaxation rate in the specimen: a phenomenon known as elastic follow-up. Unlike under 
constant load or constant strain control, under elastic follow-up both the stress and total strain in 
the specimen can change. 
 
Elastic follow-up exists in many engineering components operating at high temperature when 
creeping of a localized region occurs faster than in the surrounding regions [2-4]. In Advanced 
Gas-cooled Reactors (AGRs), the relaxation of weld-induced residual stress with associated 
elastic follow-up has contributed to the reheat cracking of welded 316H stainless steel 
components [2, 5]. During high-temperature service, elastic follow-up reduces the creep stress 
relaxation rate of material local to the weld and allows creep strain to accumulate here. To extend 
the lifetime of UK’s AGRs elastic follow-up needs to be considered in more accurate 
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assessments of structural integrity. Therefore, both quantitative determination of the elastic 
follow-up factor and understanding of its effect on creep deformation are required. The elastic 
follow-up factor is a scalar that describes the magnitude of elastic follow-up. 
 
The two bar model has been widely used to represent simplified structures such as piping 
systems [6] and welded components [7], and also to allow determination of the elastic follow-up 
factor [6-10]. However, there is disagreement about whether elastic follow-up depends solely on 
the geometry of the structure (and hence its stiffness) or on both the stiffness and on the 
materials’ creep behaviour (creep constitutive equations and constants) [11]. Wang et al. [12] 
found that when creep only existed in the specimen alone, the remaining bars acting as perfectly 
elastic elements, the elastic follow-up factor (Z) in a two bar model (Fig. 1a) is given by 
1 1/Z    1 
where   is ratio of the specimen stiffness ( 1 1 1 1K A E L ) to the spring stiffness 
( 2 2 2 2K A E L ). 1A , 1E , 1L  and 2A , 2E , 2L are cross-sectional area, Young's modulus and 
length of the specimen and the spring respectively. The stress relaxation rate, creep strain rates 
and elastic follow-up factor are related in the following way 
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where 1& is stress relaxation rate in the specimen, 1 e &  is the elastic strain rate in the specimen, 
1 c & is the creep strain rate in specimen and can be described by a creep equation. The derivation 
of Eqs. 1 to 3 are detailed in Ref. [12]. 
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The effects of elastic follow-up on creep stress relaxation of SUS 304 stainless steel [1] and 
aluminium alloy [13], on fatigue cyclic loading of 316FR stainless steel [14], and on crack 
initiation in 316H stainless steel [15] have been studied using creep testing machines based on 
the two bar model. The results show that the presence of elastic follow-up reduces the creep 
stress relaxation rate and introduces additional creep strain into the specimen, and therefore 
contributes to fatigue damage and crack initiation. Many previous studies have used equation 2 
to predict creep stress relaxation [16-19] and elastic follow-up [13] by integration of a forward 
creep equation, with creep parameters derived using a function fitted to experimental forward 
creep data. This is because laboratory studies of stress relaxation and elastic follow-up can 
practically be performed over only a limited number of initial stresses, times and elastic 
follow-up factors whereas constant load creep data are more widely available. Wang et al. [18] 
showed that stress relaxation in 316H austenitic stainless steel can be predicted reliably by using 
an empirical RCC-MR model and constants. However, the case where elastic follow-up is 
present has not been studied both experimentally and analytically. Since creep is a 
time-dependent behaviour, the interaction between ageing and boundary conditions makes it 
unclear whether or not stress relaxation and elastic follow-up can be predicted using a forward 
creep law and constants based on Eq. 2. 
 
The purpose of the current work is to investigate the feasibility of using creep constitutive 
models based on constant-load test data to evaluate stress relaxation and elastic follow-up. 
Constant load, constant strain and elastic follow-up tests were conducted for ex-service 
laboratory aged (EXLA) 316H austenitic stainless steel. Empirical parameters for the RCC-MR 
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primary creep and power law creep equations were determined by fitting the equations to the 
constant load creep data. The RCC-MR primary creep model based on time and strain hardening, 
and the power law creep model, were then applied to predict the stress relaxation and elastic 
follow-up. Factors which may affect the predictions include inadequate quantity and scatter of 
the creep data, limitation of time hardening and strain hardening models, and interaction between 
ageing and boundary conditions. These factors are discussed in relation to the elastic follow-up 
test results. 
 
2. MATERIAL, EXPERIMENTS AND RESULTS 
 
2.1. Materials and microstructural characterization 
 
The material in this study was supplied by EDF Energy in an ex-service plus laboratory aged 
(EXLA) condition. The 316H stainless steel was extracted from steam header HYA 2D1/2 (Cast 
69431), that had been in-service at the Heysham nuclear generating station for approximately 
65,000 hours in the temperature range of 763K to 803K. This Ex-Service (EX) condition material 
was then aged isothermally at 823K for 21,000 hours to an “Ex-Service, Laboratory Aged” 
(EXLA) condition. The chemical composition of the EXLA material is given in Tab. 1 [20]. The 
scanning electron microscope (SEM) image of Fig. 2a shows the grain structure and cavities of 
the as-received EXLA material. An electron backscatter diffraction (EBSD) map shows the 
cavities often associated with ferrite and located at grain boundaries or grain boundary junctions 
(Fig. 2b). 
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2.2 Constant load, constant strain and elastic follow-up experiments 
 
Constant load creep tests 
A series of uniaxial constant load creep tests were performed by Joseph et al. [21], Chen et al. 
[20, 22], and the authors. Applied stresses in the range of 126 MPa to 356 MPa at 550 °C were 
used, as summarised in Tab. 2. All creep tests used lever-type constant load tensile creep 
machines with constant temperature (variation of less than ±2 °C during holding) using a 
three-zone resistance furnace. The test specimens were designed to conform to the ASTM E8 
[23] and BS EN 10291 [24] standards with a diameter of 5.65 mm and gauge lengths of 28.25 or 
35 mm. A pair of Linear Variable Differential Transformers (LVDTs) with a displacement 
resolution of approximately 1 μm were used to monitor the development of total strain in each 
specimen, and three thermocouples (Type K) were attached to the top, middle and bottom of the 
specimen gauge length. Each specimen was heated to 550 °C after which a known tensile load 
(recorded by a load cell) was applied. 
 
Elastic follow-up tests 
Since it is difficult to perfectly constrain a two bar experimental setup (Fig. 1a), we developed a 
three bar rig (Fig. 1b) [25] for performing elastic follow-up experiments. As with the two bar 
model, a locked-in stress in a specimen can be generated through strain incompatibility in the 
three bar model, as shown in state 2 in Fig. 1b. In state 3, the specimen can creep at high 
temperature while the remaining parts of the system are purely elastic elements at room 
temperature. The relative stiffness of the spring and the creeping sample dictates the values of Z, 
which are given by; 
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1 1 1Z      4 
where   and   are the stiffness ratios between the specimen and the remaining elements of 
system, bars 2 and 3. The stiffness ratios are given by 
2 1 3 1, 2K K K K    5 
where 1K , 2K  and 3K  are the stiffnesses of the specimen, bars 2 and 3 given by 
1 1 1 1 2 2 2 2 3 3 3 3, , K A E L K A E L K A E L    6 
A  E and L are the cross section, Young's modulus and bar length for each element respectively. 
The derivation of Eq. 4 is detailed in Appendix A. 
 
Eq. 4 shows that if bars 2 and/or 3 are very compliant (  <<1 and/or  <<1), Z  becomes 
infinitely large ( Z  ) which approximates a constant load applied to the specimen. By 
contrast, if bars 2 and 3 are very stiff (  >>1 and  >>1), the elastic follow-up factor is 1Z : , 
approximating displacement-controlled conditions. 
 
Three test machines were designed based on the three bar system with a specimen, an elastic bar 
and a load cell connected in series [26]. This series system was then linked to outer parallel bars. 
By changing the sizes of the elastic elements (Bar 2) or the specimen, a range of elastic 
follow-up factors (about Z = 1.2, 5 and 20) was obtained. Rig 1 was designed to produce elastic 
follow-up factors of 4.8 and 20. Part of the elastic follow-up factor in Rig 1 is introduced by Bars 
3 which the total stiffness is approximately 25 kN/mm. The frames of Rig 2 and Rig 3 were very 
rigid (i.e. the stiffness of bars 2 and 3 are large), and therefore these rigs could produce a small 
elastic follow-up factor (~ 1.2) when using a specimen 6 mm in diameter and 150 mm in length. 
Rig 2 and Rig 3 also enabled the connection of a short specimen to a removable aluminium 
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elastic bar (bar 2) to obtain follow-up factor as large as 20. 
 
Nine high-temperature elastic follow-up tests were conducted. The specimen dimensions, rig 
used, intended elastic follow-up factor and applied initial stress are summarized in Tab. 3. The 
test procedure for the elastic follow-up test was the same as for the constant-load creep test until 
the application of tensile load. However, for the elastic follow-up tests, a tensile displacement 
was applied using a loading screw. The average strain rate during loading was approximately 4 x 
10-5 s-1. Loading-up was stopped when the stress in the specimen reached the target value. In the 
elastic follow-up tests, the stress subsequently decreased over time due to creep relaxation. 
 
Constant strain test 
One constant strain (Z=1.2) test with an initial applied engineering stress of 250 MPa at 550 °C 
was conducted using a Mayes 20 kN servo-electric creep test machine. Results from this test 
were compared to the elastic follow-up tests with Z=1.2 using rigs 2 and 3, in order to verify that 
the same constant strain control was achieved using mechanical control as when using 
servo-electric control. 
 
A specimen with a diameter of 8.48 mm and gauge length of 60 mm was used, and its extension 
was measured by a pair of capacitance extensometers with a maximum extension of 2 mm. Three 
Type N thermocouples were used to measure the temperature profile along the gauge length of 
the specimen. The temperature on specimen was maintained to within 0.5 C at 550 C during 
the test. The specimen was loaded to 250 MPa at a strain rate of 6.7 x 10-5 s-1 under load control. 
Once the stress was at 250 MPa, displacement control was activated to keep the strain in the 
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gauge length of specimen constant as the stress relaxed due to creep. This test was continued for 
1050 hours. 
 
2.3 Constant load, constant strain and elastic follow-up experiment results 
 
The results of constant load creep tests are shown in Fig. 3 for a range of stresses. The secondary 
creep strain rates with respect to applied true stress are shown in Fig. 4 for all of the tests. The 
secondary creep strain rate increases with increased applied stress. 
 
The elastic follow-up experimental results are shown in Figs. 5 and 6. The specimens were 
loaded to different initial stresses of approximately 350 MPa, 250 MPa and 235 MPa and then 
allowed to relax with different elastic follow-up factors: 1.2, 4.7 and 21. Overall, Figs. 5 and 6 
show that the presence of elastic follow-up decreases the rate of stress relaxation and introduces 
additional creep strain accumulation. Figs. 5a, 5c and 5e show that the stress-strain trajectories 
for different levels of elastic follow-up and initial stress are approximately linear. This indicates 
that the elastic follow-up factor was approximately constant during stress relaxation. The 
intended elastic follow-up factors agreed closely with the measured elastic follow-up factors, as 
summarized in Tab. 3. In addition, the response of bar 2 was purely elastic during both loading 
up and stress relaxation stages. This provides confidence that the rigs produce constant elastic 
follow-up factors at the intended magnitude. Figs. 5b, 5d and 5f show the corresponding stress 
relaxation for the full range of different applied stresses and elastic follow-up factors. Fig. 6 
shows that irrespective of the level of elastic follow-up there is an initial rapid reduction in the 
stress, but although this reduction is substantial when Z~1 it is smaller for high values of Z. 
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The creep stress relaxation curves from servo-electric and mechanical rigs are compared in Fig. 6b. 
The data measured using the newly-designed creep machine agreed well with creep data measured 
using the servo-electric machine. 
 
2.4 Comparison of constant load and constant strain results for EX and EXLA material 
 
The results of constant-load and constant-strain creep tests for material in the EXLA condition 
were compared to results for material in the EX condition [18] to determine the effect of ageing 
on creep deformation. The 22,000 h post-service heat treatment at 550 C decreased the material’s 
resistance to plastic deformation during loading and accelerated the constant load creep strain rate 
significantly (Fig. 4). Also, the true creep strain at failure increased from around 5-16% in EX 
material to approximately 30 % in EXLA material. Although the ageing has a significant effect on 
constant load creep tests, Fig. 8 shows that the ageing has no effect on creep stress relaxation tests 
since the creep stress relaxation curves in EX and EXLA materials agree closely. 
 
3. PREDICTION OF STRESS RELAXATION WITH ELASTIC FOLLOW-UP 
 
3.1 Elastic follow-up prediction models 
 
We selected the RCC-MR primary and power law creep models [3] to predict elastic follow-up 
behaviour since they are used routinely to assess the structural integrity of stainless steel 
components operating at high temperature. The parameters in these models are normally derived 
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using data obtained from constant-load creep tests. 
 
The RCC-MR model assumes that the creep curve is described by  
 ( )c pc sc pc sc pt t        &  7 
where c  is total creep strain at total time t (in hours). pc  is primary creep strain at primary 
creep time ( Pt  in hours). sc  and sc&  are secondary creep strain and secondary creep strain 
rate respectively. The equations for creep strain, according to [3] are: 
2 1
1 
C
pc
nC t  , For 425 700C C     and Pt t  8 
2 1
1 ( )
C n
pc P
nt C t tC    , For 480 700C C    and Pt t  
9 
where   is the applied stress in MPa at time t  and C , 1C , 2C , n  and 1n  are the material 
constants, which are functions of the temperature T . The transition from primary to secondary 
creep is given by the condition 
for 425°C < θ ≤ 480°C,              Pt    10 
for 480°C < θ ≤ 700°C,              33
n
Pt C   11 
where  
2
1
( -1)C
3
1 2
C
( )  = C
C C
 and 
)1C(
)nn(
n
2
1
3


  
12 
Eq. 11 shows that the primary creep time increases with decreases of the applied stress. Hence, 
the primary creep time is infinitely large for stress relaxation tests [18]. In the present work, the 
primary part of RCC-MR (Eq. 9) is adequate to describe primary and secondary creep stages. 
Therefore, we do not have to separate the primary and secondary stage in constant load tests as 
well as in stress relaxation tests.  
 
12 
 
The prediction of stress relaxation as well as elastic follow-up can be performed through 
integration of Eq. 2 based on the RCC-MR primary creep equation given by  
2 1
1 
C n
c C t   13 
A time hardening (TH) solution based on Eq. 13 is given by: 
2 11
2 1 C
C n
c C t 
&                                      Time hardening 14 
and from Eq. 14, we get: 
2
1
1
1
C
c
n
t
C


 
  
 
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Alternatively, by substituting Eq. 15 into 14, we obtain a strain hardening (SH) solution given 
by: 
1 2
2 2 2
11
2 1 C
n C
C C C
c cC  

&                                   Strain hardening 
16 
It is important to note that the strain and time hardening analyses predict same creep strain rates 
during steady state creep. 
 
In constant-strain and elastic follow-up creep tests, the elastic strain is replaced by creep strain as 
creep deformation occurs. The creep strain is given by 
0Zc
E
 


   
  17 
where 0  and   are initial and current applied stress respectively.  
 
Substituting Eqs. 14, 16 and 17 into Eq. 2, we obtain a time hardening and strain hardening 
solutions for the rates of stress relaxation with elastic follow-up 
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2 11
1 2
1 C n
Pd dt EC C t
Z
                                     Time hardening 
18 
  2 22 1 2
( 1)/1/ /
1 2 0
1
( ) Z
C CC n C
d dt EC C
Z
   

                     Strain hardening 
19 
The strain hardening model considers the accumulated creep strain in the specimen due to the 
elastic follow-up which further decreases the creep stress relaxation rate. 
 
A power-law creep model was also applied to predict stress relaxation. This may be expected to 
provide a lower-bound estimate of the creep strain rate, since the material constants are derived 
from the secondary creep deformation rate only. 
n
sc C &  20 
where C  and n  are material constants. By substituting Eq. 20 into 2, we obtain a solution for 
stress relaxation with elastic follow-up based on secondary creep alone: 
1/1
1
0
1
( 1)
n
nn ECt
Z
 

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 
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In this paper, Eqs. 18, 19 and 21 are used to predict the material behaviour during stress 
relaxation with different values of elastic follow-up factor. The results of the constant load creep 
tests described in Section 2.2 were used to obtain the creep constants for Eqs. 13 and 20. 
 
3.2. Model constants fitting 
 
Durations of the primary and secondary creep stages for all stress levels were obtained from 
experimental creep data. The constants in Eq. 13 were determined by taking logs and performing 
linear regression: 
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           1 2 1 2 1pc p pIn In C C In t n In H C In t n In         22 
where 
1
HC e  23 
 
For the current work we retained the value of 1n  given in the conventional RCC-MR data, and 
then used Eq. 22 to determine the new constants H and C2 for each test. 
 
Previous work [3] assumed that the parameters 1C  and 2C  were material constants which 
depend on temperature alone and were independent of the stress level. However, Fig. 7 shows 
that at 550°C C2 is significantly dependent on the applied stress while the constant H is weakly 
dependent. Therefore, to provide an improved fit to the experimental data we assumed that H and 
C2 are linearly dependent on stress: 
( )H H a b b       24 
2 2 ( )C C c d d       25 
where a , b , c  and d are material constants. The errors on ( H)H   and 2 2( )C C  were 
obtained from errors on  b b  and  d d . The two linear Eqs. 24 and 25 were used to fit the 
constants a, b, c and d, making values of H and C2 dependent on the applied stress. The upper 
( H  and 2C ) and lower ( H  and 2C ) bound curves of H and C2 correspond to 
offsetting the mean line by b  and d , assuming that the slopes (values of a and c) are 
constant [27]. The fitted curves for H and C2 are shown in Fig. 6 and a set of coefficients (a, 
b, b , c, d and d ) are given in Tab. 4. 
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Secondary (or steady-state) creep strain rate data for each test are shown in Fig. 4. The material 
constants C  and n  were obtained by using linear regression: 
( )  scIn InC nIn  &  26 
Figure 3 shows that the variation is generally log-linear over the range of data available and that 
such a power law equation describes the behaviour adequately. The resulting constants for the 
paw law creep Eq. 26 are summarized in Tab. 4. 
 
Curves of creep strain as a function of time, created by using Eq. 13 together with newly derived 
material constants, are shown in Fig. 3 together with experimental results for six constant load 
creep tests. Compared with conventional RCC-MR constants and ex-service (EX) constants, the 
newly fitted (EXLA) constants provide improved predictions for constant load creep with 
applied true stresses in the range 125 to 356 MPa. 
 
3.3. Prediction results 
 
Predictions of elastic follow-up were made using Eqs. 18, 19 and 21 together with the 
newly-derived EXLA material constants given in Table 4. The equations were solved using the 
Matlab ode45 ordinary differential equation solver [28]. The prediction for each test using power 
law, RCC-MR primary time hardening and strain hardening models are shown in Figs. 9 a-c, d-f 
and g-i respectively. The power law underestimates the initial stress relaxation rate but 
overestimates the stress relaxation after 1-1000 hours, depending on the initial applied stress. 
Both the RCC-MR primary time hardening and strain hardening equations overestimate the level 
of stress relaxation for almost all of the tests and durations. 
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Predictions for all tests are also illustrated in Fig. 10, which compares predicted stress with the 
observed stress. The figure shows bounds on the predictions, with positive and negative values 
representing an overestimate and an underestimate of predicted stress relaxation. The predictions 
using the power law lie between error bounds of approximately -25 MPa to 50 MPa (Fig. 10a). 
The Time Hardening (TH) and Strain Hardening (SH) equations predict very similar specimen 
responses. The predictions using RCC-MR primary TH model lie between error bounds of about 
0 MPa and 95 MPa, but the error narrowed to between 5 MPa and about 55 MPa for longer 
durations (Fig. 9b). Compared to TH model the error bounds when using SH model are shifted 
down, becoming -10 MPa to 80 MPa (Fig. 10c). 
 
RCC-MR primary TH and SH models with EX creep constants [18] (Tab. 2) were also used to 
predict the stress relaxation and elastic follow-up behaviour for EXLA samples. The results are 
shown in Fig. 11. It shows that the predictions using the RCC-MR primary TH model have error 
bounds of about -10 MPa and 35 MPa, but the error shifted to between -20 MPa and 25 MPa when 
using the SH model. Compared to EXLA constant, the using of EX constants improved the 
prediction in all cases. Therefore, the forward creep properties of material in the EX condition can 
satisfactorily predict the relaxation of material in the EXLA condition using the empirical 
RCC-MR model. 
 
4. DISCUSSION 
 
4.1. The effect of elastic follow-up on macroscopic stress relaxation 
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The effect of elastic follow-up on creep stress relaxation is directly proportional to the initial 
applied stress and elastic follow-up factors, and inversely proportional to the creep-resistance of 
the material. When the elastic follow-up factor is close to 1 (i.e. fixed-displacement conditions) 
the stress tends to converge after 1000 to 10000 hours of creep (Fig. 5a). Figs. 5b, 5d and 5f 
show that the rate of convergence decreases significantly with increasing elastic follow-up factor. 
For initial stresses of 235 MPa, 255 MPa and 355 MPa, the difference in remaining stress after 
1000 hours for specimens with Z=1.2 and 21 were approximately 60 MPa, 70 MPa and 90 MPa 
respectively (see Fig. 6). Hence, the presence of elastic follow-up increases the convergence time 
significantly.  
 
In this study, creep properties were determined from accelerated (i.e. high stress) tests and may 
not be applicable to long-term low stress behaviour of the actual high temperature components in 
nuclear power plants. For a 316H austenitic stainless steel component at 550°C, the effect of 
elastic follow-up on creep will be small if the stress in the component is less than 100 MPa 
because the stress relaxation rate is extremely low. The stress fields in nuclear power plant 
components are generally complex and multiaxial: thermal, residual and externally-applied 
stresses often occur together. Although welding residual stresses in non-stress-relieved austenitic 
steel welds can be large (up to 350 MPa [29]), welded components with low elastic follow-up 
factors accumulate far less creep deformation than a component under an equivalent applied load. 
However, the accumulation of creep strain in a localized region can exacerbate problems of 
creep crack initiation. Furthermore, the presence of of elastic follow-up during the dwell of a 
creep-fatigue cycle increase creep strain accumulation [14]. Therefore, the consideration of 
elastic follow-up in the integrity assessment of AGRs is dependent on the specific creep problem 
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and structure, and factors that can affect the creep deformation, such as plasticity [30], operating 
conditions, and thermal gradients must be considered during analysis. 
 
4.2 Prediction of stress relaxation in elastic follow-up conditions 
 
In the present study, the RCC-MR primary creep and power creep laws together with 
newly-derived constants for EXLA material were used to predict stress relaxation and elastic 
follow-up based on Eq. 2. The EXLA constants provide a good prediction for forward creep, but 
not for stress relaxation and elastic follow-up. 
 
An inadequate quantity of constant load-creep data, and scatter in the data, could negatively 
affect the results of predictions based on modelling constants derived from these data [18]. In the 
present study, the range of stresses (130-350 MPa) used in the stress relaxation and elastic 
follow-up tests was within the stress range used for constant load creep tests. As shown in Fig. 3c 
the EXLA constants are adequate to predict the forward creep deformation. Therefore, constants 
obtained from constant load creep data were sufficient to predict creep deformation under constant 
strain and elastic follow-up control. The scatter of creep strain can be observed by replicate tests at 
the same temperature and load [31]. There were fourteen constant load creep tests (LC8-11 and 
LC14-23) conducted with an applied engineering stress of 250 MPa at 550 °C, as summarised in 
Table 2. The creep strain rate and accumulated creep strain can vary by a factor of two for identical 
conditions (Fig. 4). Upper bound, mean and lower bound constants were derived to consider the 
effect of scatter, however, these differing constants were found to have little effect on stress 
relaxation predictions. Figure 6b shows four creep stress relaxation tests for EXLA samples with 
applied engineering stress of 250 MPa at 550°C. The discrepancies in the short and long term were 
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as small as 10 MPa. This indicates that the scatter of the stress relaxation data was small. Elastic 
follow-up tests with the same elastic follow-up factors but different applied stresses, or the same 
initial applied stresses but different elastic follow-up factors, agreed with each other – further 
demonstrating that the scatter in the elastic follow-up test results was small. Therefore, the 
inaccuracy of the predictions is not caused by insufficient constant-load creep data or scatter of 
data. 
 
Forward creep models are often applied to predict stress relaxation and elastic follow-up based 
on time hardening or strain hardening. Consequently, the forward creep models and constants 
cannot predict stress relaxation and elastic follow-up if the internal state of the material is not a 
function of creep time or strain only. For example, in 316H austenitic stainless steel at 550 °C 
creep deformation mainly results from dislocation glide and climb [32]. Resistance from 
precipitate particles and solute atoms gathering around active dislocation sites need to be 
overcome during creep. Under isothermal conditions, precipitate nucleation, growth and 
coarsening (size, volume fraction and number density) are affected by the interaction of the 
applied stress, time and strain [33]. Therefore, the time- and strain-hardening models cannot 
accurately reflect the effect of precipitate strengthening in an isothermal creep test as they cannot 
consider the effect of the currently applied stress. As a result, Eq. 2 cannot predict the stress 
relaxation and elastic follow-up behaviour precisely if precipitate nucleation and coarsening are 
significant during creep. In the present study, 316H in the EXLA condition is a long-term-aged 
material: i.e. further precipitation strengthening should not occur during the relatively short 
period of creep time at 550°C. The reduction in athermal solute strengthening due to the 
depletion of solute atoms by precipitation should also be negligible [34]. 
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The third possible reason for the poor performance of the EXLA constants in predicting stress 
relaxation is the effect of boundary conditions on the evolution of intergranular stress between 
different grain families. The intergranular stress in a bulk polycrystalline material can be created 
during loading to above the yield stress due to elastic-plastic anisotropy at the length-scale of 
grains [35-39]. Creep can also generate intergranular stress in Type 316H austenitic stainless 
steel when a greater degree of (time-dependent) deformation occurs in preferentially-oriented 
crystallites [22, 40]. Intergranular stress can change the internal resistance and effective stress in 
materials, changing the macrocopic material properties [18, 20, 41-43]. However, it is not clear 
how the intergranular stress evolves during stress relaxation. Recently, Wang et al., [44, 45] 
showed that in 316H in the EXLA condition, the intergranular stresses between different grain 
families remained constant during forward creep, stress relaxation and elastic follow-up tests. 
Therefore, the ratio of intergranular stress to the current applied stress increases during stress 
relaxation and elastic follow-up tests while remaining constant during forward creep tests. 
Nevertheless, the intergranular stress does not affect the creep deformation since the creep strain 
decreased significantly during the primary stage of a constant-load creep test while intergranular 
stress was constant [44]. Therefore, the difference of the intergranular stress under different 
boundary conditions is also not the reason of inaccuracy of the EXLA model predictions. 
 
Fig. 3 shows that the effect of ageing on accumulated forward creep strain increases with greater 
applied stress. This is also reflected in Fig. 9 which shows that for higher initial stresses, there is 
a greater discrepancy between observed and predicted stress during relaxation. However, when 
the applied stresses relaxed to a certain value (200 MPa to 270 MPa), the discrepancies 
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decreased. This is because the effect of ageing on accumulated creep strain is small, and the 
stress relaxation tests tend to converge to each other in the long term irrespective of elastic 
follow-up, initial stress and material’s properties.  
 
Although the forward creep properties of the EXLA and EX materials are different (Fig. 3 and 4), 
the stress relaxation behaviour was found to be similar (Fig. 8). This demonstrates that although 
ageing has a significant effect on the materials’ forward creep properties, it does not change their 
stress relaxation and elastic follow-up behaviour. The successful prediction of stress relaxation 
and elastic follow-up behaviour of EXLA material using EX condition forward creep constants 
confirms this finding. The possibility that the effects of ageing could interact with mechanical 
boundary conditions, affecting the creep deformation rate, is discussed in the next section. 
 
4.3 Effect of ageing and mechanical boundary conditions on creep deformation 
 
The detrimental influence of extended ageing of 316H steel at high temperatures on its creep 
resistance has, in part, been attributed to the recovery of the dislocation structure, coarsening of 
M23C6 precipitates and formation of secondary phases including ferrite, sigma, chi and G-phase 
[46-50]. Warren et al., [47] showed that 316H in the EX condition contains approximately 
0.16vol% ferrite. Furthermore, more than half of analysed cavities were observed to nucleate and 
grow preferentially at the austenite-austenite-ferrite boundary junctions. Warren et al., [47] 
further characterised the materials in EXLA condition and found that the additional 22,000 h of 
ageing led to the formation of additional approximately 1.8vol% ferrite. Most recently, 
Martinez-Ubeda et al., [48] demonstrated that part of the ferrite could, in fact, be chi-phase. 
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Dyson [51] indicated that the creep cavity number density ( aN ) is a function of the density of 
grain boundary precipitates ( pN ) which is given by 
 1 exp ka pN fN    27 
where f  is function of interfacial energy (  ) and local tensile stress normal to the grain 
boundary ( ). K is a measure of the cavity interaction and   is the strain. Therefore, the ageing 
introduced significant numbers of second phase particles (ferrite/Chi) at grain edges and corners 
which offer energetically favourable boundaries predisposed to cavity nucleation and growth (Eq. 
27). 
 
The value of critical stress ( crit ) required to ensure a stable creep cavity can be described by  
2crit critr   28 
The critical stress is a local stress normal to the grain boundary. This local stress can be partly 
contributed by the lattice mismatch between austenite-chi phase or austenite-ferrite unit cell. 
Grain boundary sliding can produce a stress concentration at the particle-matrix interface. This 
stress is much higher than the applied stress and thus decreases the incubation time for nucleation 
by several orders of magnitude. During creep at elevated temperature, the stress concentration 
around the particle-matrix interface generated during loading-up can be relaxed since the elastic 
deformation is accompanied by creep plasticity and/or diffusional flow [52-54]. However, the 
evolution of the stress concentration in creep tests under constant load, constant strain and elastic 
follow-up control might be different. 
 
23 
 
In addition, a creep damage model proposed by Yin and Faulkner [55] shows that the creep 
damage parameter is a function of stress, strain and strain rate. Overall, an important deduction 
from many researchers was that the creep strain, creep strain rate, applied stress and stress 
concentration are closely associated with cavity nucleation and growth [51, 52, 56, 57]. The 
majority of previous studies have focused on crack or cavity nucleation or growth under load 
control, but not under constant strain or elastic follow-up control. The major difference between 
creep under constant-load and stress relaxation conditions is that under stress relaxation (and 
elastic follow-up with relatively low Z) high applied stress, large creep strain and creep strain 
rate cannot coexist. This is firstly because under stress relaxation and elastic follow-up 
conditions, the total strain is limited. Secondly, the creep strain ( ), creep strain rate (&) and 
current applied stress ( ) follow 
0
1
E
Z
     and 
1
E
Z
   && , where 0  is the initial 
applied stress. Consequently, sufficient creep strain accumulation to produce significant cavity 
nucleation and growth is not possible under stress relaxation or low elastic follow-up conditions. 
 
 
5 CONCLUSION 
 
This study has investigated the effect of mechanical boundary conditions and ageing on creep 
deformation of Type 316H austenitic stainless steel, and has demonstrated that: 
• During stress relaxation at high-temperature, the presence of elastic follow-up decreases 
the stress relaxation rate and increases the total creep deformation that accumulates in the 
long-term. This effect is directly proportional to the initial applied stress and elastic 
follow-up factor. It is inversely proportional to the creep-resistance of the material. 
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• Creep constants for aged 316H accurately describe this material’s behaviour during 
forward creep, but not under stress relaxation or elastic follow-up conditions. Under these 
conditions, using creep constants for un-aged 316H consistently produced better 
predictions of the stress relaxation rate. This suggests that mechanical boundary 
conditions applied during high-temperature deformation can interact with the material’s 
internal state. 
• Ageing promotes the formation of ferrite/chi phase particles at grain boundaries. These 
are preferential sites for generating the stress concentration required for creep cavity 
nucleation and growth under load control but not under constant strain and elastic 
follow-up control (depending on the value of the elastic follow-up factor). Therefore, care 
needs to be taken when using forward creep models to predict stress relaxation and elastic 
follow-up. A model which considers the material’s internal state is needed to estimate 
creep properties under different mechanical boundary conditions, creep times and 
temperatures. 
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Tables 
 
Table 1. Chemical composition (wt.%) of ex-service Type 316H stainless steel [20]. 
 
C Si Mn P S Cr Mo Ni Co B Fe 
0.06 0.4 1.98 0.021 0.014 17.17 2.19 11.83 0.10 0.005 Bal. 
 
Table 2. Experimental parameters and results for ex-service laboratory aged samples (EXLA) 
from HYA 2D1/2 (cast 69431) tested at 550C at engineering stresses of 320, 300, 280, 260, 
250, 185 and 125 MPa. Tests LC1-LC9, LC10-13 and LC14-23 conducted by Joseph et al. [21], 
the authors and Chen et al. [20, 22, 58, 59] respectively. 
 
Test ID 
Engineering
/True stress 
(MPa) 
Test 
duration 
(hours) 
True total 
creep strain 
(%) 
H C2 Min creep 
strain rate 
h-1% 
LC 1 320/354 256.5 25.71 
-30.64 0.766 6.67·10-2 
LC 2 320/356 156.1 28.42 
-30.20 0.757 1.15·10-1 
LC 3 300/329 627.4 19.95 
-30.86 0.716 2.02·10-2 
LC 4 300/326 570.5 28.55 
-31.20 0.804 2.77·10-2 
LC 5 300/331 380.9 31.76 
-30.25 0.681 4.78·10-2 
LC 6 280/304 934.7 27.17 
-30.84 0.738 1.82·10-2 
LC 7 260/279 2350.8 35.42 
-30.46 0.619 7.99·10-3 
LC 8 250/267 4059.4 30.14 -30.66 0.629 4.29·10
-3 
LC 9 250/266 3023.2 21.78 -30.03 0.549 4.90·10
-3 
LC 10 
250/260 1145 5.7 -30.42 0.599 4.06·10
-3 
LC 11 
250/258 1030 3.88 -30.22 0.533 2.76·10-3 
125/125 1174 0.0065 / / 7.16·10-6 
LC 12 
185/186 1718 0.515 -29.71 0.344 1.45·10-4 
LC13 
152/153 1200 0.093 -4.47 0.281 2.40·10-5 
LC 14 
125/125 2677 0.018 -29.95 0.137 2.62·10-6 
LC 15 
250/257 / / -30.98 0.621 3.42·10-3 
LC 16 
250/258 / / -30.25 0.512 4.04·10-3 
LC 17 
250/262 / / -29.82 0.513 5.90·10-3 
LC 18 
250/262 / / -29.77 0.503 4.57·10-3 
LC 19 
250/261 / / -29.78 0.487 3.67·10-3 
LC 20 
250/265 / / -29.65 0.509 6.00·10-3 
LC 21 
250/261 / / -30.04 0.549 4.65·10-3 
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LC 22 
250/261 / / -29.92 0.527 4.60·10-3 
LC 23 
250/265 / / -29.65 0.485 5.61·10-3 
LC 24 
250/264 / / -30.031 0.541 4.63·10-3 
 
Table 3. Summary of creep stress relaxation and elastic follow-up tests for Type 316 H stainless 
steel at 550C with designed elastic follow-up factors 1, 1.2, 4.5, 20 and applied initial 
engineering stress 205, 230, 250 and 325 MPa. SCM indicates Servo-Controlled Machine. 
 
Test ID Test 
Rig 
Sample 
diameter/le
ngth 
(mm) 
Initial applied 
Engineering/tr
ue stress 
(MPa) 
Loading up 
elastic-plast
ic strain, % 
Test 
duration 
(h) 
Final true 
stress 
(MPa) 
Designed/
measured 
Z 
EFU 1 3 4.04/70.56 326/357 9.67 860 181 1.2/1.6 
EFU 2 3 6.07/70.76 328.5/349 6.19 703 222.5 4.5/4.7 
EFU 3 1 7.01/31.2 329/351 6.6 1030 254 20/22.5 
CS1 SCM 8.481/60 250/253.5 1.4 1050 139.5 1/1 
EFU 4 2 6.05/150.7 249/255 2.69 1132 148 1.2/1.5 
EFU 5 2 6.03/150.9 255.5/264 3.42 17 215.5 1.2/1.4 
EFU 6 1 7.01/31.2 248/254 2.38 2092 213 20/21.5 
EFU 7 2 6.06/151.1 231/235 1.86 2613 125 1.2/1.2 
EFU 8 1 6.01/151.4 230.5/233 1.14 1795 162.8 4.5/4.7 
EFU 9 1 7.07/30.4 230.5/233 0.934 1918 192.5 20/23 
EFU 10 1 6.03/151.2 207/208 0.52 2162 157 4.5/5 
 
Table 4. EXLA, EX and conventional RCC-MR creep constants described using a linear function 
with applied stress for the primary components. The creep strain is dimensionless; stress is given 
in MPa, and time in hours. CONV means conventional. 
 
Constants a
 b b  
c  d d  
1n  A  
n  
EXLA -0.0037 29.24 0.33   0.0027 0.163 0.04   4.18 1.29·10-28 9.72 
EX [18] -0.0046 
1.44
1.2230.68

  0.0026 
0.15
0.20.064

  4.18   
CONV [3] 0 -31.15 0 0.421 4.18   
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Figure 1. Schematic diagrams illustrating (a) a two bar model and (b) a three bar system which 
both could produce elastic follow-up in a test specimen during creep stress relaxation. A 
locked-in tensile stress can be generated in the specimen (state 2) by the introduction of a misfit 
shown in state 1. 
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Figure 2. (a) SEM image of the as-received EXLA material showing cavities at the grain 
boundaries and triple joints (b) the corresponding EBSD map for a small region showing the 
phase distribution. Yellow grains are austenite, blue grains are ferrite. 
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Figure 3. Creep strain versus time for Type 316H stainless steel in ex-service laboratory aged 
(EXLA) condition with constant applied stress from around 120 to 360 MPa at 550 °C (solid 
lines in Figs. 3a, b and c). Simulated creep curves using an RCC-MR model with conventional, 
EX and EXLA material constants also shown in Fig. 3(a), 3 (b) and 3(c) respectively (dash lines). 
EX represents ex-service and EXLA represents ex-service laboratory aged. 
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Figure 4. Secondary creep strain rates described by a stress dependent power law for Type 316H 
stainless in the ex-service laboratory aged (EXLA) and ex-service (EX) [18] condition. 
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Figure 5. Comparison of stress relaxation with similar elastic follow-up factor but different initial 
applied stress. (a, c, e) The stress and strain trajectories for loading up and stress relaxation for 
similar elastic follow-up factors (1.2, 4.7 and 21) but different applied engineering stresses of 
205 MPa, 230 MPa, 250 MPa and 350 MPa; (b, d, f) the corresponding true stress relaxation 
curves. 
 
32 
 
 
 
 
Time (h)
10-2 10-1 100 101 102 103 104
T
ru
e
 s
tr
e
s
s
 (
M
P
a
)
100
150
200
250
300
350
400
(a)
90MPa
Z=1.2
Z=4.7
Z=21
Initial applied stress ~ 350MPa
Time (h)
10-2 10-1 100 101 102 103 104
T
ru
e
 s
tr
e
s
s
 (
M
P
a
)
100
150
200
250
(b)
70MPa
Initial applied stress ~ 255MPa
Z=1
Z=1.2
Z=1.2 Z=21
 
Time (h)
10-2 10-1 100 101 102 103 104
T
ru
e
 s
tr
e
s
s
 (
M
P
a
)
100
150
200
250
(c)
60MPa
Initial applied stress ~ 230MPa
Z=1.2
Z=4.7
Z=21
 
Figure 6. Stress relaxation with different elastic follow-up factors (Z) but similar levels of initial 
applied true stress (a) 350MPa, (b) 250MPa and (c) 230MPa. 
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Figure 7. RCC-MR constants H and C2 described by stress-dependent linear functions for Type 
316H stainless steel in the ex-service laboratory aged (EXLA) condition at temperature 550 °C; 
(a) for primary creep constant H, (b) for primary creep constant C2. 
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Figure 8. Creep stress relaxation of samples in EX [18] and EXLA conditions with similar initial 
applied stress of 230 MPa. IS represents initial applied stress. 
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Figure 9. Prediction of creep stress relaxation with the effect of elastic follow-up by using (a, b, c) 
power law, (d, e, f) RCC-MR primary time hardening and (g, h, i) strain hardening with EXLA 
constants. Solid lines are experimental data while dashed lines are the corresponding predicted 
results. 
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Figure 10. Predicted stress relaxation and elastic follow-up for Type 316H stainless steel in the 
ex-service laboratory aged (EXLA) condition using EXLA constants. Models using (a) power 
law and RCC-MR equations (b) Time Hardening (TH); and (c) Strain Hardening (SH) model. 
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Figure 11. Predicted stress relaxation and elastic follow-up for Type 316H stainless steel in the 
ex-service laboratory aged (EXLA) condition by using EX constants. Models using RCC-MR 
primary equations (a) Time Hardening (TH) and (b) Strain Hardening (SH). 
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APPENDIX A: Calculation of elastic follow-up in a three-bar model 
 
In a three-bar model, after loading up and during the creep under elastic follow-up control, the 
total strain in Bar 1 (specimen), Bar 2 and Bars 3 can be described as: 
     1 1 1 1 2 2 2 3 3 3e p c e p e pL L L                     A1 
where e , p , c ,   and L  represent elastic strain, plastic strain, creep strain, total misfit 
and length of bars respectively. The subscripts 1, 2, 3 represent specimen, Bar 2 and Bars 3 
respectively. It should be noted that the Eq. A1 assumes creep deformation only takes place in 
the specimen. The elastic and plastic deformation in bars and total misfit ( ) are constant during 
creep. Therefore, differentiating Equation A1 gives: 
1 1 1 1 2 2 3 3 0e c e eL L L L         & & & &  A2 
where 1 e &  and 1 c &  are elastic and creep strain rate in the specimen, 2 e &  and 3 e &  are elastic 
strain rate in Bar 2 and Bars 3. Equilibrium conditions between these bars indicate that: 
1 1 31 1 2
2 1 3 1
2 2 3 3
, 
2
e e e e
A E LA E L
A E A E
       & & & &  
A3 
where A  and E  represent the area cross section and Young's modulus respectively. By 
substituting Eq. A3 into Eq. A2 we obtain: 
1 1 31 1 2
1 1 1 1
2 2 1 3 3 1
1 0
2
e c
A E LA E L
L L
A E L A E L
  
 
    
 
& &  
A4 
and rearranging: 
1 1
1
e c
Z
   & &  
A5 
where Z is the elastic follow-up factor in the three bar system shown in Fig 1. For state 2 this 
gives: 
1 1 31 1 2
2 2 1 3 3 1
1 1 1 1 1 1/
2
A E LA E L
Z
A E L A E L
           
A6 
where ,    and  are the stiffness ratios between the specimen and the remaining parts of 
system. These are given by: 
1 2 1 3 1, , 2TK K K K K K      A7 
where K1, K2 and K3 are the stiffness of the specimen, Bar 2 and Bars 3 respectively. KT is the 
total stiffness of the system. 
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 
 
A8 
where 1,  2 or 3i   represents Bar 1, Bar 2 and Bars 3. iA , iE  and iL  are the area cross 
section, Young's modulus and length of Bar 1, specimen and Bars 3 respectively.  
 
The elastic strain in the specimen is given by: 
1
1 e
E

  &  
A9 
Substituting Equation A9 to Equation A5 we get: 
1 1 1
1
cE
Z
    &&  
A10 
where 1& is stress relaxation rate in the specimen, 1 c &  is the creep strain rate in the specimen 
which can be described by any creep rate equation. According to Equation A10, the stress in the 
specimen will reduce as the elastic strain is replaced by creep strain. The total strain rate in the 
specimen during creep can be obtained by adding the elastic strain rate to the creep strain rate 
giving: 
  11 1 1
1
1e c Z
E

      
&
& & &  
A11 
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